Intrinsically disordered proteins organize interaction networks in the cell in many regulation and signalling processes. These proteins often gain structure upon binding to their target proteins in multi-step reactions involving the formation of both secondary and tertiary structure.
Introduction
Intrinsically disordered proteins (IDPs) are abundant in eukaryotic proteomes and govern key cellular processes such as cell cycle regulation, cell growth and development 1 . These proteins contribute to the complexity of the interaction networks within cells by interacting with several ligands, acting as scaffold proteins and presenting accessible sites for post-translational modifications. In total, these mechanisms allow IDPs to form complexes that are responsive to cellular cues 2 . The functions of IDPs often require them to bind specifically to other proteins, but the specificity does not stem from a fixed tertiary structure as in folded proteins. To understand the specificity of IDP interactions, it is necessary to understand how they recognize their partners 3, 4 .
Binding reactions of IDPs involve at least two processes: binding and folding. This prompts the question of what occurs first, binding or folding? This question resembles the two paradigmatic models of binding reactions developed to describe substrate recognition in enzymes. In the conformation selection model, the structural change is required for binding, which means that the protein folds independently and then binds to its partner. In the induced fit model, the protein binds in a disordered state and folds while remaining bound 5 . IDPs are unlikely to adopt a tertiary conformation identical to the complex before binding. However, they often sample native-like conformations in the disordered state and transient helices are particularly common.
To understand coupled binding and folding mechanistically, we have to describe when in the reaction secondary structure and stabilizing inter-molecular interactions are formed.
IDPs rarely bind exclusively through induced fit or conformational selection. More likely, the binding reactions follow parallel pathways, where the flux through the pathways may vary with the conditions. The structural changes that accompany coupled folding and binding are much larger than for substrate binding. They often involve association of multiple independent segments and formation of secondary structure in both partners. Coupled folding and binding reactions are thus inherently multistate, and the reaction often involves several intermediates with varying degrees of native or non-native 6,7 secondary and tertiary structure. Kinetic studies can in principle resolve intermediates as their formation and breakdown will result in distinct kinetic phases, but in practice this is not always the case. The ability to resolve different kinetic phases depends both on suitable probes for the reaction steps and the time resolution of the experiment 8 . Therefore, technical limitations often prevent decomposition of the binding pathway into multiple steps. As in protein folding, many reactions thus appear as simple twostate reactions where intermediates are not detected experimentally 9 . To maximize mechanistic information, a reaction mechanism should therefore ideally be described using several observables that report on different types of structure formation.
One of the best studied coupled folding and binding reactions is that between the nuclear coactivator binding domain (NCBD) from CREB binding protein and the interaction domain from activator of thyroid receptors (ACTR). In the complex, NCBD forms a three-helix bundle, around which ACTR wraps three short helices without intra-molecular tertiary contacts ( Figure   1 ) 10 . In the unbound state, ACTR is highly disordered but has transient helicity in the first helix of the complex 11, 12 . Free NCBD is usually described as a molten globule [13] [14] [15] , but has a propensity to form a partially ordered structure resembling the complex with ACTR 16, 17 . The binding reaction thus involves association of the proteins, formation of helices in ACTR, formation of inter-molecular interactions, and rigidification of the helices and tertiary structure of NCBD.
Kinetic experiments are needed to extract information about reaction mechanisms 18 . The reaction between ACTR and NCBD has been studied by stopped-flow fluorimetry and single molecule FRET methods, which showed that the reaction contains multiple intermediates that
give rise to observable kinetic phases 8, [19] [20] [21] . Three kinetic phases can be resolved in the timescale of stopped-flow measurements: a concentration-dependent phase, which occurs on a shorter timescale than the other phases under our experimental conditions and is hence termed . The transition state of the initial association is largely disordered, although the first helix of ACTR is partially formed 19, 22 . Single-molecule measurements suggest that additional slower phases occur due to proline cis-trans isomerization 20 . The binding reaction between NCBD and ACTR has been the subject of multiple simulation studies using both coarse-grained and atomistic models [23] [24] [25] [26] . These simulations suggest that various intermediates occur on the reaction pathway with varying degrees of native-like secondary structure. It is currently not clear whether the intermediates observed in kinetic studies and in simulations are the same species.
Kinetic studies of folding-and-binding reactions usually rely on fluorescence changes as the detectable signal. Fluorescence has a large signal-to-noise ratio, and many proteins have suitable aromatic residues in binding interfaces that change fluorescence properties upon binding. For proteins without aromatic amino acids in the interfaces, it is often possible to engineer a suitable reporter by conjugation to an extrinsic dye [27] [28] [29] or introduction of a tryptophan residue as e.g. done for NCBD 8 . Fluorescence reports on the local environment around the fluorophore and is thus insensitive to structural changes occurring in the rest of the protein. Furthermore, the fluorescence intensity changes are combined effects of solvation and quenching interactions around the fluorophore. The fluorescence intensity change of partial reactions are thus not necessarily reliable reporters of structural changes. It would therefore be desirable to have other time-resolved observables with a different dependence on structural changes.
Far-UV circular dichroism (CD) spectroscopy reports on secondary structure changes in proteins. Stopped-flow CD can report on secondary structure formation during e.g. a protein folding reaction. Compared to fluorescence detection, CD spectroscopy is much less sensitive and typically requires a 10-fold higher protein concentration. This may be feasible for kinetic studies on folding of monomeric proteins as the folding rate is concentration-independent.
Bimolecular binding reactions, however, are usually concentration-dependent. A 10-fold increase of the concentration of one binding partner, thus results in a 10-fold increase in the initial reaction rate. Thus, an increase in the concentration moves the reaction outside the range that can be captured with the stopped-flow technique. This problem can in principle be solved by increasing the sensitivity of stopped-flow CD. For static measurements, synchrotron radiation CD (SRCD) has been used to increase the intensity of the light source, which extends the CD spectrum to lower wavelengths, and permits the use of lower sample concentrations 30 .
Here we report the development of a stopped-flow CD setup coupled to a high intensity UV beam line. We use this setup to follow the formation of helical structure in the coupled folding and binding reaction between ACTR and NCBD. We show that helix formation is coupled to the initial association and that slower kinetic phases likely arise from subtle rearrangements of helical complexes. To our knowledge, this is the first application of time-resolved SRCD to coupled folding and binding reactions, and suggests that the approach can be used to study structural changes accompanying many other rapid binding reactions.
Materials and methods

Protein expression and purification
The expression plasmids carried the cDNA sequences of the interaction domain from human ProtParam online software 31 . ACTR, which is lacking aromatic residues, was measured by A205 and the concentration was estimated using an extinction coefficient 250,000 M -1 cm -1 .
Static SRCD spectroscopy
Lyophilized protein was dissolved in 20 mM sodium phosphate buffer pH 7.4 with 150 mM NaF to reduce buffer absorbance at low wavelengths. The protein concentrations were 69 µM ACTR and 80 µM NCBD, which gives a maximum in absorbance of approximately 1 in a 0.1 mm quartz cuvette. The exact pathlength of the cuvette was determined by an interference technique to be 0.1027 mm 32 . The spectra were recorded on the AU-CD beam line, ASTRID2, at 25°C in three scans between 280 and 170 nm. A reference baseline spectrum of the buffer alone was subtracted, and all three spectra were averaged and mildly smoothed with a 7 point Savitzky-Golay filter 33 .
The rSRCD facility used for stopped-flow SRCD measurements
The rapid Synchrotron Radiation Circular Dichroism (rSRCD) facility is located on the AUrSRCD branch line of the AU-AMO beam line at the synchrotron radiation facility ASTRID2, at Aarhus University in Denmark. thus not through the sample, to reach the PMT detector, which otherwise can led to a falsely low apparent CD signal of the sample. The quartz cell can be oriented in two directions, with either 2 mm or 10 mm light pathlength. The former is used for most experiments. The two sample syringes and the quartz cell can be submerged in a water bath to set the sample temperature using a water cooler/heater. Typically the temperature can be set between 5°C and 50°C, with temperature oscillations of about 0.1°C. The two mixing syringes of the SX20 system can readily be exchanged for either two 1 mL syringes or one 2.5 mL and one 0.25 mL syringes, thus providing either 1:1 or 1:10 mixing.
Calibration of the T0 of mixing of the rSRCD setup
To calibrate the deadtime of the instrument, we studied the reaction between Nacetyltryptophane amide (NATA) with N-bromosuccimide (NBS). This reaction is typically used to calibrate fluorescence detecting stopped flow instruments because it follows simple bimolecular kinetics and can be monitored optically due to the quenching of NATA fluorescence upon NBS binding. In the present rSRCD setup, NATA/NBS reactions were followed by observation of the absorbance at 280 nm. Reactions were recorded for final concentrations of 20 µM NATA and NBS ranging from 100-1250 µM at 6 °C. The kinetic traces were fitted to a single exponential function and the intersection of the fitted lines were taken as the real time zero in the experiment, which is 3 ms before the start of the data collection.
ACTR:NCBD binding monitored by rSRCD
The stopped flow experiments were conducted in 20 mM sodium phosphate buffer pH 7.4 with 150 mM NaF (low ionic strength conditions, I » 0.20 M) or with 0.90 M NaF (high ionic strength conditions, I » 0.95 M). All experiments were performed at 5°C. In all experiments, the concentration of NCBDY2108W was held constant at 2.0 µM and the ACTR concentration was varied between 1.7-6.9 µM. The analyzed kinetic traces were typically an average of >20 individual traces. The binding reaction was monitored with the CD signal at 195 nm.
Stopped flow fluorescence spectroscopy.
The fluorescence-monitored stopped flow experiments were carried out on an upgraded SX-17MV stopped flow-spectrometer (Applied Photophysics). The excitation wavelength was set to 280 nm and the emitted light was passed through a 320 nm cut-off filter prior to detection.
The buffer conditions and temperature were the same as for the stopped flow CD measurements.
The displacement experiments, in which koff app was determined, were conducted using a premixed solution of 1 µM NCBDY2108W and 0.5 µM WT ACTR (≈ 0.5 µM complex) and using an excess of WT NCBD (up to 30-fold) to displace NCBDY2108W from the complex. Each analyzed kinetic trace was typically an average of 6-8 individual traces. The real time zero was determined by mixing NATA with excess of NBS and monitoring the fluorescence emission.
The kinetic traces were fitted to a single exponential function and the intersection of the fitted lines was used as an estimate of the real time zero in the experiment, which was at -1.25 ms in relation to the first recorded data points.
Data analysis and fitting.
The stopped flow kinetic traces were fitted globally by numerical integration using KinTek
Explorer (KinTek Corporation) in order to extract values of the microscopic rate constants for the different models 34, 35 . Confidence contour plots were computed to assess how constrained the parameters were for each fit. The confidence contour plots show the variation in the c 2 ratio 
(Equation 2)
Where A is the amplitude of the kinetic phase, kobs is the observed rate constant and t is time.
Results
Test of the SRCD operation using a standard sample.
The circular dichroism performance of both the static and stopped flow systems was checked by scanning a camphor sulfonic acid (CSA) sample between 190 nm and 300 nm. The 290.5 nm (positive) CD peak of CSA was used to calibrate the CD signal magnitude, while the 192 nm (negative) peak to 290.5 nm peak ratio was used to judge birefringence of the quartz cell.
The first cell delivered with the SX20 instrument, showed a ratio of close to 1, which is far from the 2.1 ratio often quoted for CSA 36 . A screening of quartz cells performed by the manufacturer identified a cell with a CSA ratio close to 2, which is now in use at the beam line.
The stopped flow system on the rSRCD facility is therefore calibrated and documented down to 190 nm.
SRCD allows helix formation to be followed using lower wavelength bands.
The coil-to-helix transition in ACTR upon binding to NCBD makes this reaction suited for CD.
Previously, it was found that binding resulted in a large change in CD signal at 222nm 10 . We repeated these measurements using the static SRCD beamline, which allowed us to extend the spectrum to shorter wavelengths ( Figure 3 ). The spectral change in the reaction can be estimated by comparing the spectrum of the complex and the summed spectra of the individual proteins.
This showed that while the reaction can be followed at 222 nm as is customary in benchtop instruments, a ~3-fold larger change occurs at lower wavelengths. We thus followed the binding reaction at the wavelength with the maximal signal change at 195 nm ( Figure 3 ).
Following the association reaction between ACTR and NCBD by rSRCD.
To assign helix formation to the different kinetic phases of the binding pathway, we wanted to follow the binding reaction by rSRCD. We mainly performed kinetic experiments using a pseudo-wildtype NCBDY2108W, which enabled fluorescence detection of the reaction in a separate experiment. Previous experiments showed that this mutation does not affect the binding kinetics or secondary structure content of NCBD 8 . The experimental conditions involve several trade-offs related to the protein concentrations that will likely be general to rSRCD experiments of coupled folding and binding. Increased protein concentration improves the signal, but also increases the absorption and thus the noise. Large excess of one binding partner simplifies the reaction to a pseudo-first order reaction, but also increases the reaction rate and shifts part of the signal amplitude into the deadtime. We mixed NCBD with a small excess of ACTR and observed the CD signal at 195 nm. The binding reaction gave rise to a detectable exponential decay. However, much of the reaction amplitude is lost due to a large artefactual signal such that the first 3 ms of the time trace had to be discarded (in addition to the 3 ms of the reaction occurring before the instrument starts recording data). The absolute CD signal displayed significant baseline shift from one acquisition to the next. This persisted in pure water, and we believe both of these artefacts arise due to small distortions of the cuvette when it is pressurized by the stopped-flow setup. Despite these limitations, we managed to obtain kinetic time traces for this binding reaction across a concentration range for the ligand in excess, such that kon could be determined.
Binding follows an apparent two-state mechanism at physiological ionic strength.
The reaction between ACTR and NCBD has been previously studied by stopped flow fluorimetry 8, 37, 38 . The current rSRCD measurements were, however, conducted under different buffer conditions to reduce the absorption of buffer components at low wavelengths. To test whether the change in buffer conditions altered the reaction, we re-recorded kinetics using Under these conditions, the fluorescence-monitored stopped flow traces were monophasic ( Figure 4a ) with a rate constant that increased linearly with increasing ACTR concentration and thus report on the bimolecular association. Previously, a slow (t » 1 s at 4°C) concentrationindependent phase, l slow , was observed at physiological ionic strength 8 . We did not probe this To monitor helix formation in the binding reaction, we first performed rSRCD experiments at physiological ionic strength. The reaction transient monitored via CD195 could be described by a single exponential (Figure 4b ) with a rate constant linearly increasing with concentration. We obtained the association rate constant, kon by varying the concentrations of ACTR and fitting the time traces globally to a two-state binding reaction using a numerical integration method.
We note that the koff value obtained from the CD-monitored data was substantially higher compared to the fluorescence-monitored data. However, this is likely a result of the large experimental noise in the stopped flow CD data, which causes an uncertainty in the globally fitted koff value. Accordingly, confidence contour analysis revealed that koff was not well- Figure 4d ). The fitted value for kon was similar for the CD-and fluorescence-monitored binding reactions (Table 1) suggesting that fluorescence and CD signals report on the same apparent two-state transition. This shows that helix formation and binding are likely coupled or only separated by a low energy-barrier, which prevents these two steps from being resolved. In addition, we found that the NCBDY2108W pseudo-wildtype exhibited almost identical binding kinetics to wildtype NCBD when the reaction was monitored with the CD195 signal, which confirms that the Trp mutation does not influence the mechanism of interaction 8 ( Table 1) .
Kinetic experiments at high ionic strength probe an additional reaction step.
Previous studies revealed the presence of an additional concentration-independent kinetic NCBD is at least a two-step process described by the kinetic phases l fast and l intermediate . As previously, the radiation-damage at longer time scales prevented studying l slow with rSRCD.
In principle, one could differentiate between induced fit and conformational selection if the fluorescence yields of the molecular species in the reaction were known. As this information is not known, we cannot infer a mechanism from the amplitude information in a fluorescence- Induced fit and conformational selection have a different order of concentration dependent and independent steps, and can thus occasionally be distinguished from global fits of experimental traces recorded over a concentration series (Figure 6b ). The kinetic traces from experiments at high ionic strength were fitted globally by numerical integration to either an induced fit or a conformational selection model to extract the rate constants associated with the steps in the respective three-state model (Figure 6a-b) . Based solely on the fluorescence-monitored data, one of these models could not be preferred over the other. The confidence contour analysis suggested that the parameters were more well-constrained for the induced fit model and k-1 was not well-constrained in the fit to the conformational selection model (Figure 6c) . Neither of these two-step models describe the data perfectly, but the deviation from a perfect fit was deemed too small to invoke more steps in the mechanism.
Kinetic simulations suggest that the intermediate is helical.
The time-resolved SRCD experiments did not allow us to extract amplitude information for l The energy diagram was computed using 10 µM ACTR. ACTR binds to NCBD with an induced fit mechanism where virtually all helical content is formed in the binding step. The subsequent conformational rearrangement step is not associated with any changes in helicity. The first transition state (TS1) was probed previously with F-analysis using a set of helixmodulating mutants, which showed that helix 1 in ACTR is around 50 % formed in TS1 41 . The models for free NCBD and NCBD in complex with ACTR were created using the PDB entries 1KBH and 2KKJ, respectively 10, 16 . 
Discussion
Coupled folding and binding reactions are mechanistically complex as they involve many interdependent structural changes that are challenging to monitor experimentally. A full mechanistic description of coupled folding and binding reactions thus necessarily involves integration of many different types of information. Here, we conducted the first rSRCD study of coupled folding and binding, and show that at least 90% of the helicity arises concomitant with association. This is similar to the nucleation-condensation mechanism in protein folding, where secondary and tertiary structure form simultaneously 40 . A main advantage of rSRCD is that the amplitude factors are structurally informative. The amplitude factors are sensitive to the structure in intermediates that accumulate during the reaction, and thus provide complementary information to fluorescence-monitored kinetics.
The rate-limiting step of the interaction between ACTR and NCBD has previously been probed by experiment and simulation 37, 38, 41 . 23, 24 . Since almost all helicity is gained in the first kinetic phase, this suggest any putative intermediates with partially formed helices would be occurring as very short-lived species upon barrier crossing. Simulations of coupled binding and folding reactions necessarily involve compromises in terms of coarse-graining, implicit water or various methods for enhanced sampling 43 . Such systems may not always reproduce the subtle energetic landscape of a coupled folding and binding reaction, and equivalence between intermediates observed in simulations and experiments should not be assumed automatically. The present study provides an experimental benchmark for future simulation studies regarding helix formation at different stages in the reaction.
The rSRCD facility presents a novel tool to interrogate structural changes accompanying biochemical reactions. The system studid here is challenging due to the rapid bimolecular binding kinetics with kobs values around 100 s -1 and amplitudes with low signal-to-noise. We could only record reliable data within a narrow range of conditions, which suggests that we are at the edge of feasibility for the current setup. However, even with the present limitations the rSRCD setup is a promising new tool to follow binding reactions, especially for coupled folding and binding as such reactions often result in a change in CD signal. A key challenge for the continuing development of the rSRCD beamline is to reduce the instrumental artefact that obscures the first milliseconds. CD measurements are inherently more sensitive to the geometry of the cuvette than e.g. fluorescence, and therefore this problem may be hard to avoid completely, but will be addressed in further development of the facility. Table 1 . Fitted rate constants for the binding reactions of NCBD and ACTR. The conditions were 20 mM sodium phosphate buffer pH 7.4, 150 mM NaF and the stopped flow experiments were performed at 5°C. The association rate constants (kon) were obtained from fitting the stopped flow time traces globally by numerical integration to a two-state binding mechanism. The confidence interval boundaries were calculated using a c 2 ratio threshold of 0.9 in all cases.
Tables
*
The koff value was determined in a separate fluorescence-monitored displacement experiment. Wildtype NCBD was used in large excess to displace NCBDY2108W from the complex with ACTR. The value of koff is the average from the three highest WT NCBD concentrations and the error is the standard deviation of these measurements. Table 2 . Fitted rate constants for binding reactions of NCBDY2108W and WT ACTR. The stopped flow experiments were performed in 20 mM sodium phosphate buffer pH 7.4, 0.90 M NaF at 5°C. The rate constants were obtained by fitting fluorescence-monitored stopped flow data to either an induced fit mechanism or a conformational selection mechanism using a numerical integration software. The best fit value of each parameter is shown along with the lower and upper confidence interval bounds. The confidence intervals bounds were computed using a c 2 ratio threshold of 0.9 for both models.
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